In further analysis of the results, a repeated-measures, one-way analysis of van'-ance (used with reliability data) and repeated-measures t tests (used with validity data) were used to test for dzferences between repeated measures, @er adjustment of the alpha level for the total number of comparisons, two of the t tests for validity comparisons were signiJicant. Conclusion and D l s d o t a . i%e results indicate that the Metrecom provides reliable length measurements (dhtance between two points) on inanimate objects and that two dzferent test modes 193;73:266-274.1 
analysis, the Metrecorn,' is a computerized, electromechanical, threedimensional (3-D) digtizer. Before this new system is considered for use in the clinical setting, the ability to obtain reliable measurements should be demonstrated. We know of only one study1 designed to assess the reliability of Metrecom-obtained measurements that has been published in a source other than the proceedings of a conference. In that report, Hoyle et all1 discussed the reliability and concurrent validity (term not used by authors) of the Metrecom for measuring leg length, but they did not indi-used to establish the prescribed distances between points in a pair (excluding numbers in the random series that fell outside the prescribed range). Finally, the plane on which each point was to be placed was selected by a process of random selection without replacement. Note that for some pairs of points, in contrast to the case for the BOX, the individual members of the pair were on different surfaces (Fig. 2) .
The third data source, labeled "SKEL-ETON" (Fig. 3) , was a human skeleton that was suspended in an upright, anatomical position with the feet Figure 1 . Schematic of 'BOX" data source object containing a subset of the points taped to the floor to limit swaying. intended clinical use of the Metrecom cate which of the Metrecom's testing modes they used nor did they examine the results of two different testing modes for comparability. We tested the reliability of the Metrecom for measuring lengths with two different testing modes and the concurrent validity of measurements obtained by use of the two Metrecom testing modes, both with each other and with measurements obtained with a tape measure.
Methods

Data Sources
The sources of data (subjects) for this study were pairs of points, each of which defined a length to be measured, marked on the surfaces of five different inanimate objects. Our rationale for using inanimate objects was to ensure stability of the data sources. The reasons for selecting specific objects and the methods for selecting the locations of points on each of the objects varied. The rationale for using the first data source, labeled "BOX ( Fig. I) , was that it provided a stable data source for pairs of points in each of three orthogonal planes. The criteria for selection of points for the BOX were to place pairs of points within and yet ensure stability of the data each of three planes and to select a source. Points for the SKELETON range of lengths (distances between were 28 bony landmarks selected to points). The BOX, which measured permit measurement of the distances 38 x30 x 10 cm and was secured with between the resulting 14 pairs of an adhesive compound to the top of a landmarks, for example, the greater table, had 20 pairs of points placed trochanter to the lateral malleolus and pseudorandomly (ie, points were not the anterior superior iliac spine to the chosen systematically, but a specific medial malleolus. randomization procedure was not used) on three adjacent surfaces.
Data from the fourth data source, Although points were located on each identified as "CURVES," was used to of three orthogonal surfaces, both simulate data that potentially could members of a pair of points were b e used to describe the shape of a located on the same surface. For ease human subject's spine. The data of viewing, only a subset of the pairs source was 88 points placed on the of points are depicted in the schesurface of five flexible rulers, each matic ( Fig. 1) .
of which had been shaped into a
The second data source, labeled "CORNER" (Fig. 2) , was selected to permit measurement both of longer distances and of lengths defined by points in two different planes. The CORNER data source consisted of 30 pairs of points marked on the surfaces of two adjacent walls and on the floor between the two walls. Points for the CORNER were selected randomly. The range of possible lengths was prescribed as 1 to 3,000 mm because the digitization arm of the Metrecom cannot reach points beyond 1,500 mm in any direction. Then a table of random numbers was different two-bend (cubic-fit) curve. Points for the CURVES (Fig. 4) were chosen systematically as follows. The flexible rulers were taped to a piece of ~a s o n i t e~ (75x75 cm) to prevent distortion of the curves between measurements. Marks were placed every 2.54 cm along the top edge of the piece of Masonite parallel to the long axes of the flexible rulers. A carpenter's square with one arm aligned parallel to the top edge of the piece of Masonite and the other arm extending across the flexible rulers was placed successively at each of the marks along the top edge of the piece of Masonite. Then the second point of each pair was placed on each of the flexible rulers Data from the fifth data source, referred to as "PAPER" (Fig. 5 ) , was used to test the ability of the measurement system to discriminate among relatively short (<50 mm) lengths. The data source set consisted of 20 pairs of points marked on a piece of paper. A set of lengths for PAPER (Fig. 5) imum length for this set was 50 mm. Pairs of points were placed the specified distances apart on a piece of paper using a ruler. The orientation of the ruler on the paper was determined by rotating the paper blindly and then dropping the ruler on the paper.
Descriptive statistics for the data sources are provided in Table 1 . Note that for each object, a number of different lengths were measured (as indicated by the column labeled "n"). The values listed in Table 1 tester to any point within the range of the linkage (approximately 1.5 m in all directions). When a point to be digitized is in contact with the tip of the terminal link, a switch is depressed and a signal representing the position of each transducer is sent to the microcomputer. The microcomputer converts the signal into x, y, and z coordinates, and, depending on the specific mode of operation, the microcomputer calculates the values of variables such as line lengths.
The software for the Metrecom (Version 2.00) is menudriven. The testing in this study involved only three of the menu options: 3-D Digitizer (3DD), Line Length (LL), and 3-D Digitizer Diagnosis. In the 3DD mode, the user may move the terminal link of the electromechanical linkage assembly to any point in the Metrecom's working space, depress the switch, and obtain the x, y, and z coordinates of the point. Points digitized by the user are displayed on the computer screen in the context of a coordinate system. In addition, the x, y, and z coordinates of the points can be transmitted to the printer and stored in an ASCII file for subsequent data processing.
The LL mode of operation was designed to permit measurements of lengths on patients. Once the LL mode is initialized, the computer prompts the user by voice command to digitize each point in each position. When the points have been digitized, the computer calculates the straightline distance between the points and transmits the result to the printer.
The 3-D Digitizer Diagnosis mode of operation enables the user to verify whether the system meets the factoryspecified calibration standards. The calibration verification consists of digitizing three specified points on the base of the Metrecom in response to voice commands from the system's computer. The system then either displays a set of calibration indexes or, if data are unacceptable, a message to contact the manufacturer. Neither the range of acceptable indexes nor the meaning of the indexes is described in the system manual.
Study Design
The design of the study was based on a test-retest format. Both intratester and intertester reliability were assessed for each of two Metrecom testing modes (3DD and LL) on each of three inanimate objects (BOX, CORNER, SKELETON). On the fourth object (CURVES), both intratester and intertester reliability were assessed for only the 3DD mode. Intratester reliability with the 3DD mode only was assessed for the fifth object (PAPER).
Procedures
Prior to the start of testing, the Metrecom was positioned in proximity to the object, the base of the Metrecom was leveled, the calibration of the system was verified, and the appropriate menu item was selected on the system's computer. All points on the data source object were marked either with adhesive markers (CORNER, SKELETON, and CURVES) or with a pencil (BOX and PAPER). The markers remained in place for the duration of testing for the object. Points were digitized by placing the tip of the terminal link of the Metrecom in contact with a mark and depressing the switch. For BOX, CORNER, and SKELETON, each of two testers digitized each point twice in each of two modes of testing (3DD and LL); for CURVES, only the 3DD mode was used; and for PAPER, only one tester and one mode (3DD) were used. For testing of BOX and CURVES, testers altemated only after digitizing the complete set of points. In testing of CORNER and SKELETON, for purposes of comparison between techniques, testers altemated after each pair of points on one trial but after the entire set on the other trial in each mode. All testing of the BOX and PAPER data sources mcurred within single sessions. Testing of each of the other sets of points was conducted on two separate days (two different days for each set). The interval between test sessions was 3 days.
Testing was conducted at approximately the same time of day for all sets. Lengths referred to as "actual" were obtained with a tape measure o r ruler. Lengths derived from the 3DD data were calculated using the Pythagorean theorem to determine the distance between each pair of points.
Data Analysls
The intraclass correlation coefficient (ICC) in conjunction with a one-way analysis of variance (ANOVA) for repeated measures was used to assess reliability of the two sets of length measurements obtained with the 3DD) for both the first and second random-eEects model of the ICC (2,l) was used to assess intertester reliability, and a fixed-effects model ICC (3,l) was used to test intratester reliability. In addition, an F ratio from the repeated-measures ANOVA was used to assess the significance of differences between repeated measures (FTes,d. The F ratios were used as aids in the interpretation of the ICC because the ICC is more sensitive to random error than to systematic error. Thus, even though the ICC may be at an acceptable level, there may be significant differences between repeated measures. An optimal set of results would include a value of the ICC close so 1.00 and a nonsignificant F, , , , value. The following specific comparisorls were made to assess reliability h3r each mode of testing (3DD and 1-L): (1) 
actual lengths versus 3DD-derived lengths, and (3) 3DD-derived lengths and LLs.
The means of the data used for the reliability and validity analyses are reported in Tables 2 and 3 , respectively. For intratester reliability (Tab. ability (Tab. 2), the values reported are the means of all the length measurements obtained by each tester for the measure indicated in the stub subheading of the table. In Table 3 , the values are based on the mean of all measurements taken by the tester specified in the stub subheading on the data source object specified in the field heading with the test mode indicated in the field subheading. For example, the value 133.23 in the first row of values is the mean for tester 1 using the LL test mode on the BOX data source, and the value 132.80 in the fourth row of values is the mean for tester 2 using the 3DD test mode. The values for the reliability and validity coefficients (ICC and r) are presented in Tables 4 and 5 , respectively.
Note in Tables 4 and 5 Tables 2 through 5 . The F, , , , , value was statistically significant at the uncorrected alpha level of .05 for 1 of the 29 comparisons made to assess reliability. The repeated-measures t-test values were significant for 6 of the 25 comparisons made to assess the concurrent validity of the measurements. After adjustment of the alpha level by the Bonferroni methodl3 for the total number of comparisons in each part of the study (29 for reliability and 25 for validity; adjusted alpha=.002), only 2 of the comparisons were still significant, as indicated in Table 5 .
One of the purposes of this study was to examine the reliability and validity of measurements obtained with two modes of the Metrecorn (LL and 3DD) on several different inanimate objects. We optimized the possibility of achieving large reliability coefficients in several ways. We used (1) stationary inanimate objects with fixed markers, (2) only two testers, and (3) a range of lengths inconsistent with a truncated range (especially with the CORNER). Then we addressed the - Ohterisk (*) indicates F, , , , , , value was significant (P<.05). NT indicates condition was not tested. For intratester reliability, MI and M2 indicate the mean of all the lengths, as measured by the specified tester on the first (MI) and second (M2) occasions of testing. For intenester reliability, M1 and M2 indicate the mean for each object of all the lengths, as measured by one tester (MI) and the other tester (M2) for the measure indicated in the stub subheading.
b~~= L i n e
Length mode, 3DD=3-D Digitizer mode.
- issue of whether reliable measurements could be obtained if objects and lengths somewhat similar to those typically encountered in a clinical setting were used by testing the follcwing: (1) the SKELETON and CURVES and (2) a set of shorter lengths (on the PAPER) presumed to be within the range of lengths (re-(lengths) can be measured reliably flecting changes in relative position of with the Metrecom, both by a single a specific anatomic landmark) that tester (intratester) and by two differmight be encountered as the result of ent testers (intertester) in either of some treatment intervention.
two modes (3DD and LL) for a variety of lengths and intervals between tests Based on the data presented, the on inanimate objects. The magnitudes distance between pairs of points of the ICCs were large, indicating a strong association between repeated Our decision to omit testing of the last two objects under some conditions was based on the following line of reasoning. We were interested primarily in using the 3DD mode, but we also wanted to assess the interchangeability of measures from the LL and 3DD modes. The order in which objects of study were discussed in this article paralleled the chronological order of their testing. As testing progressed, we became convinced that the two modes produced similar measurements and then began to focus our testing on the 3DD mode only.
Conclusions
The Metrecom appears to provide reliable measurements of the distance between two points on inanimate, stationary objects. The measurements provided by two different modes of the Meuecom were consistent, but the validity of the Metrecom measurements compared with an external reference measure may need to be verified by use of a more precise alternate measurement system. It appears the Metrecom has the potential to be useful in a clinical setting for measuring distances between two points. Additional studies addressing the reliability and validity of measurements taken on human subjects are needed before a more definitive conclusion can be drawn about the appropriateness of using the Metrecom in a clinical setting. 
